Three-dimensional hydrogen-bonded structures in the guanidinium salts of the monocyclic dicarboxylic acids ractrans-cyclohexane-1,2-dicarboxylic acid (2:1, anhydrous), isophthalic acid (1:1, monohydrate) and terephthalic acid (2:1, trihydrate)
The structures of bis(guanidinium) rac-trans-cyclohexane-1,2-dicarboxylate, 2CH 6 Á3H 2 O, (III), all reveal three-dimensional hydrogen-bonded framework structures. In anhydrous (I), both guanidinium cations form classic cyclic R 2 2 (8) N-HÁ Á ÁO,O 0 carboxylate and asymmetric cyclic R 2 1 (6) hydrogenbonding interactions, while one cation forms an unusual enlarged cyclic interaction with O-atom acceptors of separate ortho-related carboxylate groups [graph set R 2 2 (11)]. Cations and anions also associate across inversion centres, giving cyclic R 4 2 (8) motifs. In the 1:1 guanidinium salt, (II), the cation forms two separate cyclic R 2 1 (6) interactions, one with a carboxyl Oatom acceptor and the other with the solvent water molecule. The structure is unusual in that both carboxyl groups form short interanion OÁ Á ÁHÁ Á ÁO contacts, one across a crystallographic inversion centre [OÁ Á ÁO = 2.483 (2) Å ] and the other about a twofold axis of rotation [OÁ Á ÁO = 2.462 (2) Å ], representing shared sites on these elements for the single acid H atom. The water molecule links the cation-anion ribbon structures into a three-dimensional framework. In (III), the repeating molecular unit comprises a benzene-1,4-dicarboxylate dianion which lies across a crystallographic inversion centre, two guanidinium cations and two solvent water molecules (each set related by twofold rotational symmetry), and a single water molecule which lies on a twofold axis. Each guanidinium cation forms three types of cyclic interaction with the dianions: one R 2 1 (6), the others R 3 2 (8) and R 3 3 (10) (both of these involving the water molecules), giving a three-dimensional structure through bridges down the b-cell direction. The water molecule at the general site also forms an unusual cyclic R 2 2 (4) homodimeric association across an inversion centre [OÁ Á ÁO = 2.875 (2) Å ]. The work described here provides further examples of the common cyclic guanidinium-carboxylate hydrogen-bonding associations, as well as featuring other less common cyclic motifs.
Comment
The structures of the guanidinium salts of aromatic and heteroaromatic polyfunctional carboxylic acids are not numerous in the crystallographic literature, but they are of interest because of the capacity of the guanidinium cation to generate stable supramolecular framework structures through hydrogen-bonding associations, largely cyclic, such as those found in the structures of guanidinium carbonate (Adams & Small, 1974) and guanidinium bicarbonate (Baldwin et al., 1986) . Among the known aromatic and heteroaromatic carboxylate examples are the monoguanidinium salts of the dicarboxylic acids 4-hydroxypyridine-2,6-dicarboxylic acid (an unusual anhydrous compound in which the pyridine N atom and one of the carboxylic acid groups exist as a zwitterion; Moghimi et al., 2005 ) and 3-nitrophthalic acid (a monohydrate; Smith, Wermuth & Healy, 2007) . Other bifunctional acid salts are those with 4-chloro-3-nitrobenzoic acid (a monohydrate; Najafpour et al., 2007) , 4-amino-2,4,6-trichloropicolinic acid (Parthasarathi et al., 1984) , 4-nitroanthranilic acid (Smith, Wermuth, Healy & White, 2007) , 3-nitrobenzoic acid (Smith & Wermuth, 2010) , 4-nitrobenzoic acid (Kleb et al., 1998) , 4-aminobenzoic acid (Pereira Silva et al., 2010) , 3,5-dinitrobenzoic acid ) and 3,5-dinitrosalicylic acid (Smith et al., 2001 ) (all anhydrates). The known bis(guanidinium) salts are those with phthalic acid (anhydrous; Krumbe & Haussuhl, 1987) and pyrazine-2,3-dicarboxylic acid (a trihydrate; Smith et al., 2006) . Another bis(guanidinium) example but with a tetracarboxylic acid is that with benzene-1,2,4,5-tetracarboxylic acid (pyromellitic acid; Sun et al., 2002) . However, the most spectacular examples have been found in the supramolecular ribbon structures of the guanidinium bicarbonate tert-butylammonium salts of terephthalic acid (Mak & Xue, 2000) . Among these examples, high-dimensional hydrogen-bonded structures are predominant, with the guanidinium cation forming multiple cyclic hydrogen-bonding associations with carboxylate O-atom acceptors, most commonly those defined by graph sets R 2 2 (8) and R 1 2 (6) and, to a lesser extent, R 2 1 (4) (Etter et al., 1990) . In the hydrated examples, the water molecules are usually incorporated in expanded cyclic associations.
Our 1:1 stoichiometric reactions of a number of monocyclic dicarboxylic acids, including rac-trans-cyclohexane-1,2-dicarboxylic acid, isophthalic acid and terephthalic acid, with guanidinium carbonate in aqueous propan-2-ol gave relatively hard chemically stable crystals of the anhydrous salt bis-(guanidinium) rac-trans-cyclohexane-1,2-dicarboxylate, (I), guanidinium 3-carboxybenzoate monohydrate, (II), and bis-(guanidinium) benzene-1,4-dicarboxylate trihydrate, (III), respectively. The structures and hydrogen-bonding patterns for (I)-(III) are reported here. The molecular contents of the asymmetric units of these three compounds and their atomnumbering schemes are shown in Figs. 1-3.
In the anhydrous 2:1 guanidinium salt, (I), both cations (A and B) form classic cyclic R 2 2 (8) N-HÁ Á ÁO carboxylate hydrogenbonding interactions with, respectively, O21
ii /O22 ii and O11 iii / O12
iii ( Fig. 4 ) (for symmetry codes, see Table 1 ). Each cation is also involved in asymmetric cyclic R 1 2 (6) interactions with carboxylate O-atom acceptors. Additionally, cation B forms an unusual enlarged cyclic interaction [graph set R 2 2 (11)] with acceptors O12 and O22 of the two adjacent cis-related carboxylate groups. Further hydrogen-bonding extensions, including a centrosymmetric cyclic bis(cation-anion) association [graph set R 2 2 (8)] (Fig. 4) , produce the three-dimensional framework structure. The structure also contains a relatively long intermolecular N2B-HÁ Á ÁN3B v interaction [NÁ Á ÁN = 3.3191 (18) Å ; for symmetry code, see Figure 1 The molecular configuration and atom-numbering scheme for the two guanidinium cations (A and B) and the cyclohexane-1,2-dicarboxylate anion in (I). Interspecies hydrogen bonds are shown as dashed lines. Displacement ellipsoids are drawn at the 40% probability level.
Figure 2
The molecular configuration and atom-numbering scheme for the guanidinium cation, hydrogen isophthalate anion and solvent water molecule in (II). The two acid H atoms shown lie on half-occupancy sites on an inversion centre and a twofold axis. Interspecies hydrogen bonds are shown as dashed lines. Displacement ellipsoids are drawn at the 40% probability level.
Figure 3
The molecular configuration and atom-numbering scheme for the guanidinium cation (A), the benzene-1,4-dicarboxylate dianion and the two solvent water molecules in the asymmetric unit of (III). The dianion lies across an inversion centre [symmetry code: (ii) Àx + The three-dimensional framework structure of (I), viewed down the approximate a-axis direction in the unit cell, showing hydrogen-bonding associations as dashed lines. For the sake of clarity, H atoms not involved in the motifs shown have been omitted. (For symmetry codes, see Table 1.) one potential guanidinium donor (H22A) for which there is no reasonable acceptor.
The structure of the hydrated 1:1 guanidinium hydrogen isophthalate salt, (II) (Fig. 2) , is unusual in that each of the carboxyl groups forms short inter-anion OÁ Á ÁHÁ Á ÁO contacts, one across a crystallographic inversion centre [O12Á Á ÁO12 iii = 2.483 (2) Table 2 ). H atoms were located on these symmetry elements and therefore represent shared sites on these elements for the single acid H atom. These interactions effectively give anionanion associated ribbon structures, which extend across the approximate ac diagonal in the unit cell (Fig. 6 ) and accommodate both the cations and the water molecules. The cation forms two separate cyclic R 1 2 (6) interactions, one with a carboxyl O-atom acceptor (involving atoms N1A and N3A) and the other with the solvent water molecule (involving atoms N1A and N2A), and these substructures are interlinked by the water molecules and further expanded down the b axis into a three-dimensional framework structure (Fig. 7) .
In guanidinium terephthalate trihydrate, (III), the formula unit comprises a benzene-1,4-dicarboxylate dianion which lies organic compounds Acta Cryst. (2010). C66, o575-o580
Smith and Wermuth 2CH 6 N 3 + ÁC 8 H 10 O 4 2À and two analogues o577 The head-to-tail hydrogen-bonding extensions of the hydrogen isophthalate anions with the attached guanidinium cation and water species in the structure of (II), showing the shared acid H atoms H12 [located on an inversion centre at ( The hydrogen-bonded framework structure of (II), viewed down the b-axis direction of the unit cell, showing hydrogen-bonding associations as dashed lines. For the sake of clarity, H atoms not involved in the motifs shown have been omitted. For symmetry codes, see Table 2 .
Figure 7
A second view of the hydrogen-bonding (dashed lines) in the framework structure of (II), viewed down the approximate a direction of the unit cell, showing extensions down b. For the sake of clarity, H atoms not involved in the motifs shown have been omitted. (For symmetry codes, see Table 2 .) across a crystallographic inversion centre, two guanidinium cations and two solvent water molecules (both pairs related by twofold rotational symmetry), and a third water molecule (O1W) lying on a crystallographic twofold axis (Fig. 3) . The guanidinium cations and the dianion form two types of cyclic hydrogen-bonding motifs, one the common guanidinium R 1 2 (6) association (with atoms N1A and N3A) and the others incorporating the two water molecules: (a) atom O1W with atoms N1A and N2A [graph set R (Table 3; Figs. 8 and 9), giving the three-dimensional framework structure. Present also in the structure of (III) are unusual inversionrelated water-water interactions involving atoms O2W and O2W vi [OÁ Á ÁO = 2.875 (2) Å ; symmetry code: (vi) Àx + 2, Ày + 2, Àz + 1], giving discrete cyclic dimers. Although the O2W-H22WÁ Á ÁO2W
vi 'bond' angle (113 ) is less than would normally be accepted for a conventional hydrogen bond, this unusual R 2 2 (4) association must be recognized as such in the assembly of the structure of (III).
In the hydrogen isophthalate anion of (II), one of the carboxyl groups is close to coplanar with the benzene ring [torsion angle C2-C1-C11-O11 = À170. 30 (19) ], while the other is twisted out of the plane [torsion angle C2-C3-C31-O32 = 159.9 (2) ]. This latter value is comparable with that for the C2-C1-C11-O12 torsion angle in both carboxyl groups in (III) [À159. 86 (15) ]. The three-dimensional structures of (I)-(III) reported here show not only classic guanidinium cyclic R 2 2 (8) N-HÁ Á Á O carboxyl and R 1 2 (6) hydrogen-bonding motifs but, in addition, various expanded cyclic associations involving the solvent water molecules, and in the case of anhydrous (I), an unusual R 2 2 (11) cyclic guanidinium-carboxylate interaction. In addition, with (II), the 1:1 guanidinium salt appears to be preferred over the 2:1 salt as expected and found in (I) and (III), considering the identical 1:1 stoichiometric acid/guanidinium carbonate reaction conditions employed in all three preparations.
Experimental
The title compounds, (I)-(III), were synthesized by heating together under reflux for 10 min 1 mmol quantities of, respectively, rac-transcyclohexane-1,2-dicarboxylic acid [for (I)], benzene-1,3-dicarboxylic acid (isophthalic acid) [for (II)] and benzene-1,4-dicarboxylic acid (terephthalic acid) [for (III)], with guanidinium carbonate (1 mmol) in 50% aqueous propan-2-ol (50 ml). After concentration to ca 30 ml, partial room-temperature evaporation of the hot-filtered solutions gave large colourless plates [for (I) and (III)] or small colourless flat platelets [for (II)] [m.p.: 525 K for (I), 474 K for (II) and 505 K for (III)]. For (I) and (III), specimens suitable for X-ray analysis were cleaved from larger crystals.
Compound (I)
Crystal data The hydrogen-bonded framework structure of (III), viewed perpendicular to b, showing the role of the unusual centrosymmetric associated water dimers in the structure extension. Dashed lines indicate hydrogen bonds. For the sake of clarity, H atoms not involved in the motifs shown have been omitted. For symmetry codes, see Table 3 and Fig. 8 .
Figure 8
The hydogen-bonding in the structure of (III), viewed down the b axis in the unit cell, showing associations as dashed lines. For the sake of clarity, H atoms not involved in the motifs shown have been omitted. [Symmetry code: (vi) Àx + 2, Ày + 2, Àz + 1; for other symmetry codes, see Table 3 and Fig. 3.] electronic reprint
Compound (II)
Crystal data H atoms involved in hydrogen-bonding interactions were located by difference methods and their positional and isotropic displacement parameters were refined, with the exception of the water H atoms of (II) and (III) which were constrained to ride on their parent atom, with U iso (H) = 1.2U eq (O). Aromatic H atoms were included in the refinement in calculated positions using a riding-model approximation, with C-H = 0.95 Å and U iso (H) = 1.2U eq (C). Supplementary data for this paper are available from the IUCr electronic archives (Reference: GD3361). Services for accessing these data are described at the back of the journal. 2À and two analogues o579 Table 1 Hydrogen-bond geometry (Å , ) for (I). Table 2 Hydrogen-bond geometry (Å , ) for (II). Table 3 Hydrogen-bond geometry (Å , ) for (III). electronic reprint
